Abstract. The several types of strongly intensive correlation variables are studied in nuclear collisions at LHC energy. These quantities are expected not to depend on centrality class width. They have been calculated in the dipole-based parton-string Monte Carlo model with string fusion. The centrality dependence of the mean transverse momentum correlation coefficient and strongly intensive quantity Σ between multiplicity and P T have been obtained. Dynamical charge fluctuation ν dyn has been also calculated and compared with experimental data. It is shown that string fusion improves agreement with the experiment.
Introduction
The exploration of the QCD phase diagram and a search for new phenomena is one of the main subjects of heavy ion physics. The experimental investigation of the phase diagram of a strongly interacting matter is related to the study of the fluctuations and correlations of observables in the nuclear collisions at high energy [1] . Around the critical point, anomalies, such as enhanced fluctuations are expected to appear [2] . Physical program of NA61/SHINE at SPS [3, 4] and MPD at NICA [5] is focused on these investigations. Correlations and fluctuations are also studied at LHC energy [6] [7] [8] because they are sensitive to the very first stages of the collision [9] . The so-called long-range correlations [10] between observables in separated rapidity intervals play a special role. Causality implies that they are developed in the initial state. In addition, a large enough rapidity gap can suppress the background contribution of resonance decays.
In the present work, the string-parton Monte Carlo model [11] [12] [13] is applied to the relativistic nuclear collisions at high energy to calculate long-range correlations and fluctuations. The model includes the string fusion [14] [15] [16] [17] effects and the finite rapidity length of strings, and also charge conservation in string fragmentation. We have calculated several types of strongly intensive event-by-event variables and long-range correlations for the experiment.
Model description
The present model [11, 12] describes nucleon-nucleon collisions at the partonic level. For the nuclear density of Pb and Xe the Woods-Saxon distribution of nucleons is taken:
with R = 6.62 fm, d = 0.546 fm for Pb; R = 5.42 fm, d = 0.57 fm for Xe. Each nucleon contains a valence quark-diquark pair and a certain number of sea quarkantiquark pairs, distributed around the center of nucleon according to two-dimensional Gauss distributions. The number of sea pairs is distributed according to Poisson law. The combined exclusive distribution of parton coordinates in the transverse plane (r j ) preserves the conservation law for the center of energy [18] :
where x j is a longitudinal momentum fraction of parton j. These variables follow the exclusive distribution, which for an arbitrary number of quark-antiquark pairs has the following form:
The valence quark is labeled by N-1, the diquark -by N, and the other indexes refer to sea quarks and antiquarks. α N = 3/2 (ud-diquark), α N = 5/2 (uu-diquark). This distribution corresponds to the inclusive distributions, used in the model with quark-gluon strings [19, 20] . Corresponding algorithms for sampling with the exclusive distributions mentioned above are discussed in [12] .
An elementary interaction is realized in the model of colour dipoles [21, 22] . Taking also into account also the confinement scale (r max ), the probability amplitude for a scattering the dipoles with transverse coordinates ( r 1 , r 2 ) and ( r 3 , r 4 ) is given by:
Here α S is assumed to be an effective coupling constant and treated as a model parameter.
The total probability of inelastic interaction of two protons in the eikonal form appears as
, where the summation is done over all the dipoles. Then it is assumed, that if there is a collision between two dipoles, two quark-gluon strings are stretched between the ends of the dipoles, and the process of string fragmentation gives observable particles. The string in the rapidity space is formed with rapidity ends y min and y max [12, 13] , which emits the produced particles uniformly in rapidity between the string ends with some mean number of charged particles per rapidity µ 0 . The emission happens independently in each rapidity interval, with Poisson distribution. Each parton can interact with another one only once, forming a pair of quark-gluon strings, hence, producing particles. In the model, the energy-momentum of the nucleons is conserved on the partonic level if we take into account both interacting and non-interacting partons. It is also fully valid at the level of strings, however during the production of particles it is approximate.
The transverse position of a string is assigned to the arithmetic mean of the transverse coordinates of the partons at the ends of the string. Due to the finite transverse size of the strings they overlap, that in the framework of the string fusion model [14] [15] [16] [17] gives a source with higher tension. The mean multiplicity of charged particles and mean p t originated from the cell where k strings are overlapping look as follows:
Here µ 0 and p 0 are the mean charged multiplicity from one single string per rapidity unit and mean transverse momentum from one single string. For the overlapping of the strings of a finite rapidity length, the rapidity space is divided into the regions where the number of overlapped strings is an integer, and they are processed separately. All parameters of the model are constrained from the data on inelastic cross section and multiplicity in pp, p-Pb and Pb-Pb collisions [13] . The charge differentiation of the particles in this model is performed in the following way. If we neglect the production of the double charge at string fragmentation, each emitted particle can change the charge going along rapidity only by 0 or 1 (emitting of neutral or charged pion). After removing the neutral particles, we see that the charge of particles emitted from one string (or a cluster of fused strings) must alternate between 1 to -1 along the rapidity axis. This procedure is fulfilled for each string cluster.
Definition of observables
Firstly, we define the correlation coefficient of long range correlations between observables in two separated rapidity windows as follows:
where each of (B, F) could be either N ch -the number of charged particles in the rapidity window or p t -the mean event transverse momentum of charged particles in the given window:
Correspondingly, three types of correlation coefficients can be studied: the n-n, pt-n, pt-pt correlations.
Unfortunately, the n-n and pt-n correlation coefficients are shown to be very dependent of the centrality class width and details of the centrality determination method [23] (note pt-pt has not this property). To overcome this dependence, the so-called strongly intensive variables can be used [24] [25] [26] [27] . In this paper, we apply only Σ[F, B] defined as:
where
Variables F and B here must be extensive. For them, we have used the total multiplicity in a rapidity window (N), and total transverse momentum (P T ).
To study the charge fluctuations, we have used dynamical fluctuation measure, ν dyn , defined as follows:
It can be shown that the variable N ch ν dyn = N + + N − ν dyn is also strongly intensive. The increase and non-monotonic behavior of the mentioned strongly intensive variables can be an indication of the critical point of the QCD phase transition [28] , so they are used in the experimental investigations [29] [30] [31] . Figure 1 shows the centrality dependence of the mean transverse momentum correlation coefficient. We have calculated it for two colliding systems -Pb-Pb and Xe-Xe at the LHC energy to demonstrate also the system size dependence of the pt-pt correlation coefficient. In case of Pb-Pb collisions, the model predicts [23] non-monotonic behaviour with centrality, which was also confirmed by experimental data [32] , but it is hard to reproduce in the models [33] . The position of the peak can be attributed to the point of the saturation of the color field.
In the case of a smaller system, the saturation region seems not to be reached because even in most central Xe+Xe collisions the required density is not achieved. Similar behavior has been also obtained in p-Pb collisions [34] . In figure 2 the forward-backward strongly intensive measure Σ is shown for sufficiently large separated rapidity intervals (-3.8, -3), (3, 3.8) . We see that above the very peripheral collisions the value of Σ decreases with centrality. This behavior has been recently observed in the experimental data; however other models cannot reproduce this effect [35, 36] . Figure 3 shows the centrality dependence of the two other types of the strongly intensive quantities between the observables in the separated rapidity intervals, namely, Σ[P T , N] and
Σ[P T , N] is rather flat, what reminds one the dependence of the average transverse momentum with multiplicity [37] . In pp and p-Pb collisions the latter is less trivial so it is worth checking the multiplicity dependence of a strongly intensive pt-n measure there.
The strongly intensive transverse momentum variable Σ[P T , P T ] (right plot of figure 3 ) shows, in particular, the non-monotonic behavior. This reminds us the behavior of b p t −p t . However, the position of the minimum here is at a different point than the maximum of b p t −p t (here it lies in the range of a less central collision).
The maxima appearing in figures 2 and 3 in the region of very peripheral collisions could be related with the transition into a region of diffusive edges of nuclei. But, this centrality range is hardly accessible by the experiment [38] .
To summarize, all the three variants of the forward-backward strongly intensive measure indeed does not depend on the centrality class width; they provide additional non-trivial information which can not be extracted only from the correlation coefficient and thus should be widely experimentally studied, at LHC energy and also at lower such as MPD at NICA. The figure 4 shows the charge fluctuations in terms of ν dyn (left plot) and N ch ν dyn (right plot) with the comparison to the experimental data [6] . The results have shown that taking into account the string fusion improves the agreement with the experimental data. Without fusion, the model behaves as hadron resonance gas, wheres an adding of a string collectivity modifies N ch ν dyn and makes it centrality-dependent.
Conclusions
Various strongly intense quantities are studied in AA collisions at the LHC energy, depending on the centrality compared (where possible) with experimental data of ALICE. All analyzed strongly intensive variables and correlations between intensive observables have shown robust behavior against the volume fluctuations and the details of centrality determination. It is shown that the string fusion model correctly qualitatively describes the Σ NN dependence on the centrality. Charge fluctuations in Pb-Pb collisions at the energy of 2.76 TeV have been investigated. The correct description of the experimental ALICE data for ν dyn has been obtained depending on the centrality of the collisions (string fusion effects improve the agreement with the experiment). The string fusion model explains the non-monotonic behavior of pt-pt forward-backward correlations in Pb-Pb collisions and predicts that at a smaller system this should not be observed.
The studied observables provide a reference to the properties of the initial state of AA collisions and are useful to study both at the LHC and NICA energies.
